Abstract The Yellowstone volcano is one of the largest active volcanoes in the world, and its potential hazards demand detailed seismological and geodetic studies. Previous studies with travel time tomography and receiver functions have revealed a low-velocity layer in the crust beneath the Yellowstone volcano, suggesting the presence of a magma chamber at depth. We use ambient seismic noise from regional seismic stations to retrieve short-period surface waves and then study the shallow shear velocity structure of the Yellowstone region by surface wave dispersion analysis. We first obtained a crustal model of the area outside of the Yellowstone volcano and then constructed an absolute shear wave velocity structure in combination with receiver function results for the crust beneath the Yellowstone volcano. The velocity model shows a low-velocity layer with shear velocity at around 1.3 km/s, suggesting that a large-scale magma chamber exists at shallow levels within the crust of the Yellowstone volcanic region.
Introduction
As the world's largest active volcano, the Yellowstone volcano has an eruption cycle of approximately 0.6-0.8 million years. The caldera was formed by an eruption 0.64 million years ago (Christiansen 2001) . Global positioning system (GPS) and interferometric synthetic aperture radar (InSAR) observations of this region show periodic uplift and subsidence of the caldera (Wicks et al. 1998 Puskas et al. 2007; Chang et al. 2007 ). Many geophysical studies involving gravity and seismological modeling have been conducted to reveal the crustal structure of this region (Benz and Smith 1984; Miller and Smith 1999; Waite and Smith 2002; Husen et al. 2004; Schutt et al. 2008; Stachnik et al. 2008; Yang et al. 2008; Lin et al. 2012) , and these studies suggest that there is a large magma chamber at a depth less than 10 km beneath the Yellowstone volcanic region. Geochemical studies also support the presence of a magma chamber around 10 km, and rapid ascent of magma is achievable through faulting of the brittle crust without the need of intermediate storage (Girard and Stix 2012) . Thus, the potential volcanic hazards create a demand for more detailed study of the volcanic structures beneath the Yellowstone Caldera.
The geographical extent of the magma chamber beneath the Yellowstone region is revealed from both gravity anomalies and geodetic studies (Phillips et al. 1993 Chu et al. (2010) used the receiver function method to demonstrate the existence of a 2-km-thick low-velocity zone (LVZ) at depth around 8 km beneath the Yellowstone Caldera. Inside the LVZ, the P-wave velocity (Vp) is about 2.3 km/s and S-wave velocity (Vs) is about 1.1 km/s, which are very slow as compared to the typical Vp of 6.0 km/s and Vs of 3.5 km/s in normal crust (Dziewonski and Anderson 1981) . Their model can also explain the anomalous polarization of teleseismic P-waves observed on seismic stations near the edges of the LVZ. However, the receiver function method is only sensitive to the velocity contrast across boundaries, but not to the absolute velocity values (Julia et al. 2000; Xu et al. 2007 ). The absolute shear velocity is crucial for understanding the physical origin of the LVZ, including the volatile concentration in the magma chamber (Chu et al. 2010) . Thus, it is necessary to employ other seismological methods for insight into more accurate shear wave velocities. To resolve the absolute velocity at depths around 8 km, short-period surface wave dispersion data (period less than 10 s) are valuable, but it is difficult to obtain them with earthquake data. Instead, we are able to achieve the absolute velocities at shallow depths of interest using a ambient seismic noise method (Weaver and Lobkis 2001; Campillo and Paul 2003; Shapiro and Campillo 2004; Shapiro et al. 2005; Yao et al. 2006 Yao et al. , 2009 Yang et al. 2007 Yang et al. , 2010 Moschetti et al. 2007; Bensen et al. 2007 Bensen et al. , 2008 Lin et al. 2008; Fang and Wu 2009; Zheng et al. 2010 Zheng et al. , 2011 Gao et al. 2011; Hanson-Hedgecock et al. 2012; Wagner et al. 2012) . In contrast to the traditional surface wave method, this seismic ambient noise crosscorrelation method only requires continuous noise recorded by seismic stations and does not only rely on earthquake sources. Therefore, ray coverage can be designed specifically to sample the target study region, and error due to uncertainty in earthquake location and origin time can be avoided, which is not the case when using the classical earthquake surface wave tomography method.
In this paper, we have retrieved surface wave dispersion data from ambient noise recorded on broadband seismic stations in the Yellowstone area, and combined the information with receiver function analyses of Chu et al. (2010) , to estimate the absolute S-wave velocity value of the low-velocity layer. Then, we discuss its implication for a large-scale magma chamber beneath the Yellowstone Caldera.
Data and methods
Continuous waveform of ambient seismic noise from the XC temporary network was downloaded from IRIS for the entirety of the year 2001. In addition, data recorded by IW and TA networks for the year 2010 were used for dispersion analysis (Fig. 1) . We re-sampled the waveform data to 1 sps (sample per second) after removing the instrument response, applied normalization by the one-bit method (Campillo and Paul 2003) , and performed cross-correlation to obtain the surface wave between stations following the procedures by Shapiro and Campillo (2004) and Bensen et al. (2007) . To guarantee quality of dispersion measurement, we used only noise correlational function (NCFs) with high signal to noise ratio in investigation (Fig. 2) . The group velocity dispersion curves were extracted by the software package (CPS) provided by Herrmann and Ammon (2004) , which implements the multiple filter method of Dziewonski et al. (1972) . The filter function is expðÀaðw À w 0 Þ 2 =w 2 0 Þ, where w 0 is the center frequency and a is an adjustable parameter used to balance the relationship between the frequency domain and distance. Different a values for different epicentral distances were chosen, as recommended by Herrmann and Ammon (2004) .
Surface wave dispersion depends on crustal velocity and density structure; and accordingly, the shear wave velocity can be obtained by inversion from surface wave dispersion curves by adopting an empirical scaling law between Vp, density, and shear velocity (Aki and Richards 1980) . The surface wave dispersion inversion methods include the least squares method, genetic algorithm (Shi and Jin 1995; Dal Moro et al. 2007 ), ant colony optimization (Dorigo 1995) , and the iterative method. Here, we used the iterative method implemented by the CPS package (Herrmann and Ammon 2004) . We denote the velocity structure for the region well outside the volcano area as a normal region model, and the structure inside the volcano area as the LVZ model. First, we used the iterative inversion method to get a crustal model outside the region of the Yellowstone Caldera, assuming a uniform crustal structure in that area. Moreover, we assume that the velocity structure in the caldera region can also be modeled as 1D layered structure. Then, we impose an LVZ on the velocity, assuming that the depth range of the LVZ was well-resolved by Chu et al. (2010) . We then change the S-wave velocity of the LVZ to fit the observed dispersion. As there are no pairs of seismic stations situated close to the boundary of the LVZ, surface wave paths from ambient seismic noise partially sample the LVZ region and the normal region. We denote ray segment length outside and inside the caldera region as L1 and L2, Fig. 4 a Crustal model (normal region model) of the area outside the Yellowstone Caldera region is expressed by the black line; the LVZ model (beneath Yellow stone Caldera) is the red line. b Forward dispersion curves with the model agree well with the observed frequency dispersion curves of Y32-Y17, Y40-Y32, Y17-Y43, Y32-Y101, and FLWY-H18A. Forward dispersion curves from the crustal models are represented by the two black lines, and the five green lines represent the observed surface wave dispersion curves of the five rays respectively, and assume that the path-averaged dispersion is given by:ṽ ¼ ðL1 þ L2Þ=ðL1=v1 þ L2=v2Þ. Finally, we compared our results with the observed dispersion curves to test the shear wave velocity of the LVZ.
Results
To obtain the normal regional model, we used surface wave dispersion of the path between Y17-Y32, Y40-Y32, Y17-Y43, Y32-Y101, and FLWY-H18A, the rays of which do not pass through the magma chamber region (Fig. 3) . The normal regional model and the LVZ model are displayed as black and red lines, respectively, in Fig. 4a . The horizontal boundary of the magma chamber is adopted from Chu et al. (2010) . The forward dispersion curves from the models are very close to the five observed dispersion curves (Fig. 4b) . According to the receiver function study, we set a depth of 8-10 km as a low-velocity layer. Rays H17A-H18A, Y43-Y103, and Y32-Y105 partially sample the magma chamber area. Figure 5 shows the observed dispersion curves. A comparison of the predicted dispersion curves agree well with the observed dispersion curves of H17A-H18A, Y43-Y103, and Y32-Y105 (Fig. 6) , which share the following features: when the shear wave velocity in the low-velocity zone is set to be 1.2 km/s, the forward dispersion curve is lower than that of the observed curve, and is slightly higher than that of the observed curve when the shear wave velocity is set to be 1.4 km/s. Furthermore, larger changes in the shear velocity in the LVZ result in bigger deviation of the dispersion curves against the observed curve. A low-velocity layer shear velocity of 1.3 km/s reproduces the best fit of the forward synthetic dispersion curves with the three observed curves (Figs. 7, 8 ).
Discussion and conclusions
Rays H17A-H18A and Y43-Y103 begin at the edge of the magma chamber region and end outside the region. These ray paths are short, and substantial sections are inside the magma chamber region, we assume that the path average approximation is valid. For the case of ray Y32-Y105, the length of the ray segment inside the Yellowstone region is much shorter than the segment outside; the whole ray path may be bent. For this ray, the observed dispersion appeared to be consistent at 1.4 km/s. At this point, we have not considered the probable effect of surface ray bending effects. In fact, considering the effect of Snell's law, this ray could be consistent when the velocity was 1.3 km/s in LVZ. From the results of these rays, we proposed that the shear wave velocity of magma chamber is approximately 1.3 km/s, within the range of 1.2-1.4 km/s. This value is consistent with Chu et al. (2010) , but a little bit larger. The study by Bensen et al. (2008) also reveals LVZs in the Yellowstone region, but their study is more concerned with regional structure rather that the small-scale structures such as the magma chamber beneath the Yellowstone Caldera. Some tomographic models by previous studies had smooth velocity structure as they did not consider the a priori information of the LVZ (Gao et al. 2011; Hanson-Hedgecock et al. 2012; . Our study considered the priori information and would provide more details about the LVZ than the normal tomography method. In addition, travel time of body wave and surface waves (i.e., dispersion) is only part of the data provided by seismic waveforms for resolving the Earth's internal structure. Recent studies demonstrate that waveform inversion can provide a more accurate and comprehensive study of the velocity structure (Tape et al. 2009 ), which is an important topic for future work. We used ambient seismic noise from regional stations to obtain short-period surface waves through cross-correlation, and we studied the shallow structure of the Yellowstone region through surface wave dispersion analysis. Assuming two 1D models are appropriate for the region outside and inside the magma chamber regions, respectively, we obtained a crustal model of the region outside of Yellowstone volcano and determined that the velocity of the magma chamber beneath the Yellowstone Caldera is 1.3 km/s, which falls in the range of 1.2-1.4 km/s. With this velocity value, the surface wave dispersion calculated from our model is consistent with the previous observations. These results prove that largescale magma exists in the shallow crust of the Yellowstone volcanic region. Fig. 7 The misfit curve between the forward dispersion curves and the observed dispersion curves of a Y43-Y103, b Y32-Y105, and c H17A-H18A. The misfit curves which were calculated from the shear wave velocity of 1.0, 1.2, 1.3, 1.4, and 2.0 km/s in the LVZ are represented by light blue, green, red, dark blue, and pink, respectively Fig. 8 Comparison between the observed dispersion curves and model synthesis results of a Y43-Y103, b Y32-Y105, and c H17A-H18A when the shear wave velocity was 1.3 km/s in the LVZ. Forward dispersion curves by the crustal model are represented by two black lines, the red and green lines represent forward dispersion curves and observed curves, respectively
